This paper presents a novel compact 2 × 2 planar MIMO antenna system with ultra-wide band capability. Antenna system is specifically designed to target lower 5th generation operating bands ranging from 2 GHz to 12 GHz. This band also covers the IEEE 802.11 a/b/g/n/ac. The antenna array geometry has been simulated using CST MWS. The design is extremely miniaturized with total structure size of 13 × 25 × 0.254 mm 3 . The simulated and measured results have been presented. Measured and simulated return loss values for designed antenna are less than −10 dB over the operating band and lowest values of −35 dB and −32.5 dB can been seen at 5.2 GHz and 9.2 GHz, respectively, whereas at the center frequency the return loss is −25.2 dB. The mutual coupling between both elements is less than −20 dB over the transmission bandwidth. Simulated and measured radiation patterns in E and H planes at center frequency show nearly isotropic far fields. The maximum gain is measured as 4.8 dB. Promising results of Envelope Correlation Coefficient and gain diversity of the design have been achieved. Simulated and measured results are found in good agreement. The fractional bandwidth of antenna is measured as 143.2% which satisfies its ultra-wide band response.
Introduction
In the coming years, the global mobile data traffic is likely to be projected by 45%; this means a ten times increase between the years 2016 and 2022 [1] . This massive increase is mainly due to mobile video streaming and implementation of Internet of Things (IoT). This will result in approximately 18 billion IoT out of total 29 billion devices [2] . Due to this reason, the future 5th generation networks would need to overcome the demand of wider spectrum in high frequency range. The key constraint to implement and deploy 5G networks before 2020 is the availability of frequency spectrum; hence both the higher and lower frequency bands are needed for 5G.
Lower 5G bands are ideal for early deployment, due to their advantageous properties including wave propagation and available bandwidth. The main spectrum bands between 2 GHz and 6 GHz are in the ranges from 3.3 GHz to 4.2 GHz and from 4.4 GHz to 4.990 GHz. These bands are presently being considered for initial trials of 5G networks in a number of countries. Table 1 illustrates the operative regions and their respective lower 5G bands [3] .
In order to meet this challenge and according to the current demands, a novel ultra-wide band (UWB) 2 × 2 Multiple Input Multiple Output (MIMO) antenna system has been designed and simulated. This antenna system covers the frequency band ranging from 2 GHz to 12 GHz, which covers all the lower 5G frequency bands. Its array is an ideal candidate for 5G enabled, handheld devices including mobile phones and tablets. Furthermore, this band also satisfies operating regulations of the UWB according to Federal Communication Commission (FCC) [4] . Also, the designed antenna covers the IEEE 802.11 a/b/g/n/ac standards for WiFi operation in mobile devices.
By Using the UWB technology, wireless communication devices can transmit over a very wide range of frequency band while consuming lower powers [4] . Also the UWB technology based devices have several other merits including high data-rates, increased bandwidth, and being low in cost [5] . In the UWB communication devices, front-end antenna plays very important role. Thus, a lot of work and research [6] has been done to design the UWB antennas for mobile devices. Planar antennas are considered as promising solution for the UWB applications due to their simple design, lower cost, and performance [7] . MIMO antenna systems are vastly implemented in wireless devices to enhance the channel capacity and multipath propagation [8] . In recent times, the UWB and MIMO technologies have been integrated in wireless systems for enhanced performance in terms of high data-rates [9] . The main challenge in designing these kinds of antenna systems are to reduce the mutual coupling between the radiating elements within smaller volumes of small handheld devices. This can be achieved by polarization diversity or by increasing the space between the antennas [8] . Crosspolarized antenna geometries are usually complicated in design, whereas increasing the space between the antennas results in larger volumes [10] . For implementation of the UWB MIMO systems, some good methods are radiation pattern diversity, space diversity, and polarization diversity.
In this paper, space diversity is achieved by using two asymmetric "F" type structures with a very compact fractured ground plane [11] .
Antenna Design Methodology and Configuration
The designed antenna is an extremely compact 2 × 2 UWB MIMO antenna system. The antenna consists of two asymmetric "F" type structures with a very compact fractured ground plane. The overall volume of the antenna geometry is 25 × 13 × 0.254 mm 3 . The proposed antenna system has been fabricated on Rogers substrate (5880) with relative permittivity, dielectric loss tangent, and height values of 2.2, 0.0009, and 0.254 mm, respectively. The front and rear views of the designed antenna system are shown in Figures 1(a) , 1(b), and 1(c).
To start with a single antenna element which has been designed, a detailed parametric study has been done using CST microwave studio. The final values of all geometric variables are presented in Table 2 .
The "F" shaped patched monopole design is selected due to its wide band characteristics and enhanced performance in S, C, and X bands [12] [13] [14] [15] [16] . The overall dimensions of the single F shaped patch have been optimized to achieve the UWB characteristics. In order to incorporate a 2 × 2 MIMO antenna array, a second F shaped patch has been reciprocated on the same plane. Both antenna ports are resonated at an input impedance of 50 Ω. To reduce the coupling between the two radiating elements, a distance of 13.9 mm has been carefully selected, where this value corresponds to a half wavelength at the upper frequency of operation. Furthermore, compact fractured ground plane has been incorporated; the size of the ground plane is very compact having dimensions of 10 × 3 mm 2 . Fractured ground plane helped in achieving the target port impedance at the resonant frequency band.
Results and Discussion
The presented ultra-wide band 2 × 2 coplanar MIMO array antenna comprised two "F" shaped monopoles. The geometry has been further modified to achieve the targeted bandwidth and reflection coefficient for 50 Ω input port impedance. Both antenna elements exhibited identical reflection coefficients ( 11 , 22 ) . The simulated and measured reflection coefficients are shown in Figure 2 .
As it can be seen from Figure 2 , the antenna geometry is resonant at wide range of frequency band starting from 2 GHz to 12 GHz. The lowest values of refection coefficients are observed as −35 dB and −32.5 dB at 5.2 GHz and 9.2 GHz, respectively. The return loss is well under −10 dB for overall band, whereas at center frequency of 8 GHz the return loss has been measured as −25.2 dB. While designing MIMO antenna systems, the main effort achieved lower value of transmission coefficient between the ports and this is regarded as a key factor in design. It can be seen in Figure 3 that both monopoles are well decoupled; also the mutual coupling between both elements in operating band is well under −20 dB. In case of the operation of UWB, usually the fractional bandwidth should remain above 50% [17] , whereas for the antenna system under consideration the fractional bandwidth is measured as 143.2% which satisfies ultra-wide band operation. The normalized graphs of simulated and measured radiation patterns for the designed antenna system are shown in Figure 4 .
For both antenna elements, the radiation patterns are investigated in E and H planes at center frequency of 8 GHz. The center frequency has been selected to measure the radiation patterns at which the return loss is −25.2 dB. The measurement has been done by exciting each port at a time, while the other port is connected to a matched load of 50 Ω. It can be observed in Figure 4 that both simulated and measured far fields are in agreement to each other. Also, both elements show near omnidirectional pattern. However, as it is a patch antenna, therefore, maximum diversity can be seen alongaxis. Furthermore, minor changes can be noticed in measured patterns that are due to the absorption errors inside the anechoic chamber. Still the results are very substantial. Figure 5 shows the measured overall gain of the designed antenna system over the band of frequencies ranging from 2 to 12 GHz. A gain of 2.8 dB has been observed at center frequency.
The gain diversity ( app ) is considered as most important parameter in MIMO antenna system. This can be calculated by measuring the Envelope Correlation Coefficient (ECC) between the antenna elements of the MIMO system. There are two mechanisms for calculating the values of gain diversity, either using the -parameters of the antenna elements or using the radiation patterns. In this paper, the gain diversity has been calculated using -parameters of the ports. As an assumption, uniform multipath environment has been considered, and the ECC and app can be calculated by using the equations given as [18, 19] .
ECC,
Figures 6 and 7 represent the measured and simulated results of ECC and gain diversity, respectively. The simulated and measured results for both parameters are very much comparable.
Ideally, the ECC of fully decoupled MIMO antenna system should be zero. As it can be seen from Figure 7 , over most of the band the value remains zero. There are few variations present in the measured result at 2 GHz, 5 GHz, and 12 GHz; this is due to the reflections which are usually caused by the certain components that are present in the anechoic chamber. under consideration. Certain variation can be observed in measured results due to reflections. A comparison of performance of the proposed antenna with similar antennas available in literature is given in Table 3 . This table clearly indicates that the proposed antenna is very compact with high isolation and good MIMO and diversity performance as compared to similar antennas available.
Conclusion
A novel compact UWB MIMO antenna system has been presented in this paper. The 2 × 2 MIMO antenna systems consisted of two asymmetric "F" type structures with a very compact fractured ground plane. The presented MIMO antenna system has very compact size; the overall volume is 13 × 25 × 0.254 mm 3 . The distance between two elements of the antenna system is 13.2 mm and the coupling between both elements over the total transmission bandwidth is less than −20 dB with peak minimum values reaching up to −35 dB. The maximum gain of 4.8 dB has been observed, whereas the gain at the center frequency was measured as 2.8 dB. Furthermore, the radiation patterns are observed isotropic. Good agreement has been achieved between the results of designed prototype of the MIMO antenna system and its simulated model.
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